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[1] Micromodels have been increasingly employed in various ways in porous media
research, to study the pore-scale behavior of ﬂuids. Micromodels have proven to be a
valuable tool by allowing the observation of ﬂow and transport at the micron scale in
chemical, biological, and physical applications. They have helped to improve our insight of
ﬂow and transport phenomena at both microscale and macroscale. Up to now, most
micromodels that have been used to study the role of interfaces in two-phase ﬂow were
small, square, or nearly square domains. In this work, an elongated PDMS micromodel,
bearing a ﬂow network with dimensions 530 mm2 was manufactured. The pore network
was designed such that the REV size was around 57 mm2. So, our ﬂow network was
considered to be nearly four times the REV size. Using such micromodels, we established
that the inclusion of interfacial area between the wetting and the nonwetting ﬂuids models
the hysteretic relationship between capillary pressure and saturation in porous media. In this
paper, we ﬁrst present the procedure for manufacturing PDMS micromodels with the use of
soft lithography. Then, we describe an innovative and novel optical setup that allows the
real-time visualization of elongated samples. Finally, we present the results obtained by
quasi-static, two-phase ﬂow experiments.
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1. Introduction
[2] In porous media research, micromodels have been
increasingly employed in various ways, to study the pore-
scale behavior of ﬂuids. Micromodels have proven to be a
valuable tool by allowing the observation of ﬂow and
transport at the micron scale in chemical, biological, and
physical applications. They have helped to improve our
insight of ﬂow and transport phenomena at both microscale
and macroscale.
[3] An overview of various issues related to micromo-
dels, such as network generation, fabrication materials and
methods, visualization methods, and different applications,
was given in Karadimitriou and Hassanizadeh [2012].
They deﬁned a micromodel as ‘‘an artiﬁcial representation
of a porous medium, made of a transparent material. This
ﬂuidic device bears a ﬂow-network, with features on the
microscale, and an overall size of up to a few centimeters.’’
[4] Micromodels have been mostly used in studying dis-
placements of two immiscible ﬂuid phases in porous media
[Chang et al., 2009; Corapcioglu et al., 2009; Avraam
et al., 1994; Baouab et al., 2007, NagaSiva et al., 2011].
Processes of drainage and imbibition, as well as the mecha-
nisms that dominate them, like viscous or capillary ﬁnger-
ing, snap-off, etc., have been studied using micromodels
[Zhang et al., 2011; Ferer et al., 2004; Grate et al., 2010;
Gutierrez et al., 2008; Hug et al., 2003; Huh et al., 2007].
[5] Recently, two-phase ﬂow studies were performed
using photo-resist micromodels that had ﬂow patterns
based on stratiﬁed percolation [Cheng, 2002; Pyrak-Nolte
et al., 2008; Cheng et al., 2004, 2007; Liu et al., 2011]. In
these studies, distributions of the two phases in the ﬂow
network during quasi-static drainage and imbibition were
visualized. Phase saturation and interfacial area could be
determined using image processing and relationship
between phase saturation, capillary pressure, and speciﬁc
interfacial area was investigated.
[6] Micromodels have been made of different materials
with their advantages and disadvantages. A detailed
account of these issues can be found in Karadimitriou and
Hassanizadeh [2012]. One important property of micromo-
dels is wettability. Glass or quartz micromodels are uni-
formly and stably hydrophilic, which is a major advantage.
Also, using deep reactive-ion etching method, vertical pore
walls can be created (which is usually desired), as long as
the pores depth is less than 30 mm deep. For larger pore
depth, DRIE results in sloped walls ; the slope being larger
for bigger depth [Ohara et al., 2010; Yeom et al., 2005;
Karadimitriou et al., 2012]. Deeper pores can be created in
glass using chemical etching [Johnston, 1962; Wegner and
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Christie, 1983; McKellar abd Wardlaw, 1982; Er et al.,
2010], but then pore walls will be curved at the bottom, as
the erosion process is highly isotropic. Silicon micromodels
have the disadvantage that the pore walls are made of two
materials. The pore network is created in silicon but,
because silicon is not transparent, the micromodel is
usually covered by a glass plate [NagaSiva et al., 2011;
Baumann and Werth, 2004; Willingham et al., 2008]. This
results in a mixed wettability. Photo-resist micromodels
have the advantage that they are relatively easy to make,
but only in a special clean room environment. Also, they
are sensitive to ultra-violet light; so that nitrogen is pro-
duced under regular light, which eventually destroys the
network. Moreover, photo-resist micromodels gradually
degenerate after a number of uses.
[7] A transparent material often used for microﬂuidic
devices is Poly-Di-Methyl-Siloxane (PDMS). PDMS is a
viscoelastic, silicon-based organic polymer. It is optically
transparent, inert, nontoxic, and nonﬂammable. PDMS is
hydrophobic in its natural state. But, this hydrophobicity is
variable in time and space [Murakami et al., 1998; Fritz
and Owen, 1995]. This is a major disadvantage. However,
we have developed a treatment process in order to make
PDMS surface wettability uniform and stable. A solution of
Trichloro-perﬂuoro-octyl-silane (silane in short) in 96%-
pure ethanol was injected through a ﬁlter into the micromo-
del, so as to change its surface chemistry and make it uni-
formly and strongly hydrophobic.
[8] PDMS is a material which is easy and safe to use in a
normal laboratory environment. PDMS micromodels are
relatively cheap to make and are reusable almost without
limit. Finally, the geometrical characteristics of the features
of the micromodel can easily be very well controlled, as it
will be shown later in this paper.
[9] Up to now, most micromodels that have been used to
study ﬂow and transport in porous media, including interfa-
cial area as a separate state variable, were small, (nearly)
square domains, so that they could be visualized under a
microscope. Therefore, one may interpret them as being
one Representative Elementary Volume (REV). An REV is
the volume of a homogeneous porous medium above which
the system properties are insensitive to the averaging
domain size. Often, only one average value for porosity,
saturation, or capillary pressure is given for the whole
micromodel. In the present work, an elongated micromodel
with dimensions 530 mm2 was manufactured. The pore
network was designed such that the REV size was around
57 mm2 (the determination of REV size is explained in
section 2.2). So, our micromodel was considered to be
nearly four times the REV size. A long micromodel is simi-
lar to a column experiment; one can determine gradients in
saturation, capillary pressure, and interfacial area. But, then
a microscope is not suitable for real-time visualization of a
long micromodel under transient ﬂow conditions. There-
fore, we have designed and constructed an innovative and
novel optical setup using digital cameras, for observing and
imaging ﬂuids distribution along the whole model at any
given time.
[10] Through performing experiments in such micromo-
dels, we investigated the role of ﬂuid-ﬂuid interfaces in the
hysteretic relationship between capillary pressure and
saturation in porous media. With this work, we provide
experimental evidence to support the theories which pro-
pose that for a complete description of two- or multiphase
ﬂow, interfacial area should be included as one of the state
variables, in addition to pressure and saturation [Hassaniza-
deh and Gray, 1990, 1993a, 1993b].
[11] In this paper, we ﬁrst present the procedure for man-
ufacturing PDMS micromodels with the use of soft lithog-
raphy [Xia and Whitesides, 1998; Duffy et al., 1998]. Then,
we describe our visualization setup that allowed the real-
time visualization of elongated samples. Finally, we pres-
ent the results obtained from quasi-static, two-phase ﬂow
experiments.
2. Construction of the Micromodel
2.1. Main Steps
[12] A micromodel is commonly composed of two slabs.
One slab contains the pore network and the other slab,
which is featureless, is used as a cover. This creates a
closed network of pores. The manufacturing process of our
PDMS micromodel consisted of a number of steps, which
are brieﬂy mentioned here and explained in detail in the
following subsections. First, the ﬂow network was
designed, as well as the inlet and the outlet areas. This
design was transferred to a mask. The mask was a plastic
transparency sheet with the ﬂow network and reservoirs
being transparent and in their actual dimensions, and the
solid phase being black. It was used in the process of creat-
ing a patterned silicon wafer that would serve as a mold.
This wafer, usually called the ‘‘master’’, was used for the
preparation of a PDMS slab with the network and the two
reservoirs formed in it. Another PDMS slab without any
features was then used to cover the micromodel. Finally,
the micromodel was treated in order to acquire a uniform
wettability. These manufacturing steps will be explained in
detail shortly.
2.2. Design of the Flow Network and the Reservoirs
[13] An elongated pore network with an overall size of 5
 30 mm2 was designed. The pore network was repre-
sented by an assembly of pore bodies and pore throats with
a wide distribution of sizes. The network topology was gen-
erated using Delaunay triangulation, which is considered to
provide a good representation of real porous media [Heiba
et al., 1992]. In the Delaunay triangulation, points are con-
nected to their neighbors by nonintersecting bonds. Con-
nected points form triangles that are as equilateral as
possible. The coordinates of the triangulation points were
generated by the use of a ﬁxed routine in MatLab. These
points were considered to be the centers of pore bodies.
The number of pore bodies directly connected to a pore
body, which is usually called the coordination number, was
not constant throughout the whole network; it varied from
4 to 6 for the 2000-points network, from 5 to 8 for the
3000-points network, and from 6 to 9 for the 6000-points
network.
[14] Pore bodies were cylinders and the pore throats
were parallelepipeds. In planar view, pore bodies were cir-
cular while pore throats were rectangular. They had the
same depth and had a rectangular cross section.
[15] Pore body sizes were assigned from a truncated log-
normal distribution. The length of a pore throat was deﬁned
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as the distance between two connected pore bodies, minus
the sum of their radii. The width of a pore throat was
assigned by using the following set of equations [Joekar-
Niasar et al., 2010a]:
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where Ri is the radius of pore body i, wij is the width of the
pore throat ij, and d is the distance between the two centers.
In this formula, n is an extra tuning parameter for specify-
ing the pore throat size. It also makes sure that the width of
the pore throat would always be smaller than the diameter
of the smallest pore body that it is connected to.
[16] In Figure 1, the whole network as well as a magni-
ﬁed image of part of it can be seen. The pore network was
designed such that the REV size was around 57 mm2. So,
our micromodel was considered to be nearly four times the
REV size. The REV size was determined through pore-net-
work modeling as follows. Simulations were run for the
whole extent of the micromodel. Then, capillary pressure-
saturation curves under quasi-static conditions were
obtained for a sequence of gradually increasing subdomain
sizes and compared to each other. The subdomain size
beyond which the capillary pressure-saturation curve
remained unchanged was considered to be the REV size.
[17] For the introduction of each phase into the ﬂow net-
work, two reservoirs, one for each phase, were designed at
the beginning and the end of the ﬂow network. Special
attention was paid to the design of the reservoirs. They
were much bigger than the size of a single pore body,
whereas their height was the same as the rest of the model.
This created a very high ratio between the width and the
height of the reservoir. This consequently led to the col-
lapse of the top surface and blocking of the ﬂow in an ear-
lier design of the micromodel. In fact, Bietsch and Michel
[2000] have shown that there is a maximum ratio between
the distance separating two sequential features in PDMS,
and their height, as well as between the void space between
these features and their own volume. So, pillars were added
to support the reservoir’s top surface and prevent it from
collapsing. In Figure 2, the reservoir can be seen, where the
void space is shown in black and the PDMS pillars are in
white. The large difference in the size of pores of the
micromodel and the reservoir are also evident in this ﬁgure.
[18] The Autocad drawing of the ﬂow network with the
two reservoirs, was then sent to the CAD/Art Company
(Oregon, U.S.A.), in order to create a mask at a resolution
of 20,000 dots per inch.
2.3. Preparation of a Patterned Silicon Wafer With
Photo-Lithography
[19] A necessary step in the manufacturing process of
PDMS micromodels was the preparation of a silicon wafer
that bore the features of the micromodel (ﬂow network and
reservoirs) and would be used as a mold. This wafer is usu-
ally called the ‘‘master’’.
[20] For this purpose, ﬁrst, the silicon wafer was put in
an oven for 15 min, at 120C. This was done in order to
remove any moisture from the surface of the wafer that
might harm the adhesion process later on in the process.
The wafer was then spin coated with SU8 2025 photoresist.
It was put on a spin coater and a small portion of photore-
sist was poured on it. The choice of rotation speed and time
depends on the desired depth of the photo-resist layer,
which had to be the same as the depth of the ﬂow network.
Calibration curves were provided by the supplier of the
photoresist. For example, to achieve a thickness of 40 m,
the wafer was put to spin for 90 s at a rotation rate of 2000
rounds per minute. Then, the wafer was put on a hotplate
and was soft-baked at 65C for 3 min, and immediately af-
ter that at 95C for 6 min. In this way, the photoresist
became harder and degassed, photo-sensitive, but not yet
solid. Right after this step, the wafer and the mask (which
contained the ﬂow network and the two reservoirs), were
put under an aligner, where they were illuminated by ultra-
violet light. Parts of the photoresist-coated surface of the
wafer that were visible through the mask open areas were
exposed to the light. Depending on the height of the photo-
resist layer, the energy level of the light beam had to be
tuned to penetrate the thickness of the photo-resist layer,
Figure 1. (a) Image of the pore-network with 2000 pore
bodies and 6000 pore throats and a mean pore size of
40 m. The void space is shown in black. (b) Zoomed-in
image of a part of the network.
Figure 2. The schematic of the reservoir with the sup-
porting pillars. The void space is shown in black and pillars
in white.
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according to the speciﬁcations of the photo-resist supplier.
As soon as this step was ﬁnished, the wafer was hard baked
on a hot plate at 65C for 1 min and immediately after that
at 95C for 6 min to allow cross linking of the exposed
photoresist. The wafer was then put in a glass Petri dish
and was covered with Mr-dev 600 developer liquid (micro
resist technology GmbH). By gently moving the Petri dish
with the wafer in it for approximately 10 min, the photo-
resist areas that were not exposed to the ultra-violet light
were dissolved. This led to the features of the network and
the reservoir to be formed on the wafer.
[21] In this way, a wafer was made that could be used as
a mold to make replicates of the same network (as
explained in the next section). This part of the process of
the manufacturing of PDMS requires a clean room environ-
ment. The whole operation was performed in the class-
10000 clean room facility of the Kavli Institute of
Nanoscience Delft. The rest of the process was carried out
in our regular laboratory.
[22] In our regular laboratory, the master was then put in
a vacuum chamber and was silanized. A droplet of silane
was put in the vacuum chamber; it evaporated and formed
a monolayer on the surface of the master that prevented the
PDMS from adhering to the master’s surface. In this way,
PDMS could be easily peeled off the wafer, without leaving
any residues. If an unsilanized master is used, then the
photo-resist features on the master would be peeled off
together with the PDMS slab.
2.4. Fabrication of a PDMS Micromodel
[23] The raw materials that were needed to make a
PDMS micromodel were a silicon elastomer base (Dow
Corning Slygard 184), and the corresponding elastomer
curing agent. The silicon elastomer base, which was in
liquid state, was mixed with the elastomer curing agent at a
mass ratio of 10:1. The two components were mixed
thoroughly by stirring them in a cup for a few minutes. The
quantity of PDMS that was used, determined the thickness
of the slabs created. In our work, typical values for the
weights of the two components were 50 g and 5 g, respec-
tively. The resulting amount of PDMS would make sure
that the PDMS slabs were thick enough to create a rela-
tively rigid micromodel. Also, it was thin enough for the
inlet and outlet holes to be punched without creating cracks
in the material.
[24] After mixing, the mixture was full of trapped air
bubbles. So, the cups with the mixture were put into a vac-
uum chamber to remove the trapped air. It was important
not to use the same vacuum chamber that was used for the
silanization of the master, as it was already contaminated
with silane. We released the vacuum suction periodically
for two reasons. First, the degassing of the material was
faster in the ﬁrst 5 min of the process, and then it became
slow. Second, the rising trapped air would raise the level of
the liquid in the cup. If the vacuum was not released, it
would have spilled over the cup.
[25] After degassing, the content of one cup was poured
over the master silicon wafer in a Petri dish, with the design
of the micromodel pointing upward. The material had to be
poured as slowly as possible in order to avoid having too
much trapped air. It was also important not to pour PDMS
directly on top of the features of the master wafer, but on
the blank surface of the wafer, allowing the liquid PDMS
to ﬂow slowly into and over the ﬂow network. Otherwise,
there was a chance that dust particles become trapped in
the main structure of the ﬂow network, resulting in a defec-
tive micromodel.
[26] Next, a layer of PDMS was poured in another Petri
dish to form a plain slab without any features. This PDMS
slab was used as the sealing layer of the micromodel. Then,
the two Petri dishes were put in the vacuum chamber to
remove any trapped air.
[27] After degassing, the two Petri dishes were put in an
oven at 68 for at least 2 h in order to cure and solidify
liquid PDMS. In general, various combinations of tempera-
ture and curing time can be employed. The limit combina-
tions are: more than 48 h in ambient temperature and 10
min at 200. For the latter case, a glass Petri dish should
be used, as a plastic one will deform because of the heat.
However, longer curing times and less curing temperature
are favorable to avoid creating stresses in the material.
Ambient temperature is not a very good option as it takes
too much time, and the material may be exposed to dust
particles that may stick on its surface before it solidiﬁes.
[28] After curing, the PDMS slabs were allowed to reach
ambient temperature before bonding them. In this way, per-
manent distortions because of excessive stress on the mate-
rial could be avoided.
[29] The PDMS slab had to be separated from the silicon
wafer in a way that it would not destroy the wafer’s fea-
tures. First, with the use of a scalpel or sharp pointy knife,
PDMS was cut around the wafer’s edges and was gently
removed from the Petri dish. The wafer was gently sepa-
rated from PDMS. It was essential that this procedure was
as slow as possible, so that the features on the wafer would
not be detached from the wafer. The Petri dish that had
only plain PDMS slab was much easier to handle. One just
had to cut the edges and remove the PDMS slice from the
Petri dish.
[30] Microscope glass slides (Menzel-Glaser) with
dimensions of 76 mm x 26 mm were used as guides to cut
the parts of PDMS slab containing the ﬂow network and
the two reservoirs. Pieces of the same size were also cut
from the plain PDMS slab, which was to be used for sealing
the micromodels. Inlet and outlet holes were punched into
the middle of the reservoir areas of the slab with features
using a leather hole punching tool.
[31] The two PDMS slabs had to be put together and
bonded. The plain PDMS slab was placed in such a way
that its surface that was in contact with the Petri dish would
form the inner side of the micromodel. This ensured that
the surface would be smooth and free of dust particles.
[32] There are various bonding techniques [Eddings et
al., 2008]. These techniques involve oxygen plasma [Duffy
et al., 1998, 1999], corona discharge [Haubert et al., 2006],
partial curing of PDMS in an oven [Go and Shoji, 2004;
Eddings and Gale, 2006], use of a curing agent [Samel et
al., 2007], and stamp/stick [Satyanarayana et al., 2005].
We tried two techniques: oxygen plasma and corona dis-
charge. A discussion of these bonding methods and related
issues is given below.
[33] For the oxygen plasma bonding, an Expanded
Tabletop Plasma Cleaner (Sigma-Aldrich) was used.
Typical values for control parameters of the oxygen cleaner
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were a vacuum pressure of 0.3–0.4 mbar, output power of
30 W, and exposure time of up to 3 min.
[34] For corona bonding, there is no known recipe for
obtaining speciﬁc results. We used a typical value for volt-
age of 15 kV. It was found that if the distance between the
specimen and the treater was less than 4 cm, the bonding
effect was more or less insensitive to the distance. As there
was no guideline for the exposure time, a number of meas-
urements were carried out to determine the optimal value.
In this case, optimal meant that after bonding, the micro-
model would withstand the highest possible applied pres-
sure without any leakage. It was observed that the bonding
strength was correlated to the contact angle of a droplet of
water on top of PDMS after corona treatment. The lowest
contact angle (measured on the air side; see Figure 3)
seemed to correspond to a bonding with the maximum tol-
erance to the applied pressure. For a distance of 1.5 cm, dif-
ferent exposure times were tested and the contact angle
was measured. Results of the measured contact angle for
different exposure times are shown in Figure 4.
[35] These results show that the smallest contact angle is
achieved at an exposure time of 25 s. So, this was the expo-
sure time used in the bonding of micromodels.
[36] In both cases of oxygen plasma or corona discharge
treatment, after exposure, the two parts of the micromodel
were put together and a gentle mechanical pressure was
applied to them until chemical bonding was achieved. Spe-
cial attention was paid to removing the air trapped between
the contacting surfaces of the two slides. This was achieved
simply by applying some extra pressure on the relevant
areas and expelling the air.
[37] In order to make the micromodel more rigid, using
the same bonding procedure, a microscope glass slide
(Menzel-Glaser) was bonded to the side of the micromodel
that did not have inlet and outlet holes.
[38] For the bonding to mature, the model was left to rest
for a few hours or, even better, put in the oven overnight at
a moderate temperature (668). This step was particularly
important for the corona discharge bonding. Otherwise,
bonding could be reversed.
3. Issues With PDMS Models
[39] In this section, we will explain how to solve a num-
ber of known issues related to the use of PDMS material in
two-phase ﬂow experiments.
3.1. Wettability Issues
[40] One of the most important properties of a micromo-
del is the wettability of its material. In two-phase ﬂow stud-
ies, it is very important to have a uniform and stable
wettability throughout its ﬂow network. In our experiments,
it did not matter whether the micromodel was hydrophobic
or hydrophilic, as long as it remained uniformly and perma-
nently in the same state. Hereunder, we describe the wett-
ability problems of PDMS micromodels and explain how
we achieved stable and uniform wettability properties.
[41] PDMS is hydrophobic in its natural state. But its
wettability properties change during, and as a result of, the
bonding process. For example, the oxygen plasma tech-
nique, introduced by Duffy et al. [1998], causes PDMS to
become hydrophilic. Duffy et al. tried to enhance the bond-
ing strength by activating layers of cross-linked PDMS,
through surface oxidation. It is believed that surface oxida-
tion exposes silanol groups (Si-OH) at the surface of the
PDMS layers and, when brought together, they form cova-
lent siloxane bonds (Si-O-Si). This process makes PDMS
even more hydrophilic. However, the material returns to its
original state when exposed to the atmosphere for some
time (a few minutes to a few hours) [Bodas and Khan-
Malek, 2007]. The corona discharge technique has an oppo-
site effect, compared to oxygen plasma treatment. It makes
the material more hydrophobic than its natural state. But
also in this case, PDMS returns to its original hydrophobic-
ity level. Our PDMS micromodels, which were bonded by
the oxygen plasma treatment technique, originally had a
hydrophilic behavior, as expected. However, within a rela-
tively short time (around 12 h after bonding), their wett-
ability started to change gradually. After roughly three
days, the material was hydrophobic with nonuniform
Figure 3. A water droplet in contact with PDMS and
surrounded by air. Contact angle between air and PDMS is
shown.
Figure 4. The air contact angle versus time of exposure
to corona discharge. Note that because the contact angle is
measured in the air, a contact angle of zero means that the
surface is completely hydrophobic.
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wettability. In Figure 5, a magniﬁed part of the network
ﬁlled by two immiscible ﬂuids can be seen. The snapshot
was taken at equilibrium, so there is no further movement
of the ﬂuid-ﬂuid interfaces. It is evident that there is mixed
wettability even within a very small area. The contact angle
between the phases was measured under static conditions
with ImageJ software, and was found to vary from 80 to
60. Even days after bonding, in some parts of the network,
a mixed wettable condition was visible. This showed that
the wettability of PDMS is a function of time, and is de-
pendent on the initial wettability condition.
[42] Similar observations were made after treating the
micromodel with corona discharge bonding, where the ma-
terial was more hydrophobic than in its natural state.
[43] The wettability problem was solved by employing
and improving a silanization technique. In this technique, a
solution of silane in 96%-pure ethanol was injected through
a ﬁlter. The pores of the ﬁlter were 0.45 mm wide. In this
way, silicon, which a by-product of the reaction of TCP
with water in ethanol and in the air, was kept out of the
ﬂow network, preventing blockage.
[44] A total volume of 1 ml of a 0.018 v/v solution
was introduced into the micromodel at a pumping rate of
3 l/min. Then, the model was put in an oven at 68C over-
night to dry out. After that, the micromodel was ready for use.
[45] After this silanization procedure, the micromodel
network was uniformly hydrophobic everywhere. The
phases used in this study were ﬂuorinert as the wetting
phase, and water dyed with ink as the nonwetting one. Flu-
orinert is a colorless (refraction index, n¼ 1.291), ﬂuorine
based, and inert liquid. It is 4.7 times more viscous
(¼ 4.7103 Pas) and 1.86 times heavier than water
(¼ 1860 kg/m3). The interfacial tension between water
and Fluorinert is 58 mN/m.
[46] In Figure 6, a magniﬁed part of the network can be
seen during drainage. It is a snapshot taken under quasi-
static conditions. Fluorinert is seen in light color and water
in dark color. It is obvious that the water is the nonwetting
phase, and ﬂuorinert is the wetting one. The contact angles
are clearly small everywhere. That was also cross checked
with the use of ImageJ software to measure the contact
angle from the image. Values between zero and 4 were
found.
[47] The contact angle was also measured under pres-
sure-free conditions as follows. A droplet of water was
dropped in a beaker ﬁlled with ﬂuorinert. As water is much
lighter, it stayed on the surface. Then, a silanized PDMS
slab was put on top of them. The contact angle between
water, ﬂuorinert, and PDMS was measured. We found it to
be equal to 4.
3.2. Deformation of Micromodel
[48] An issue that needs attention is the possibility of
swelling of PDMS due to contact with organic liquids and
its deformation under the pressures of liquids. PDMS
swells when it comes in contact with nonpolar organic sol-
vents, like hydrocarbons, toluene, and dichloromethane.
Lee et al. [2003] examined the compatibility of organic liq-
uid with PDMS. They stated that the problem of liquid
compatibility has three aspects : 1) the absorption of the liq-
uid in PDMS, and potential swelling of PDMS, 2) the diffu-
sion of liquid components in PDMS, and 3) the dissolution
of oligomers (swelling oils) in PDMS. In the work of Dan-
gla et al. [2010], the dynamics of penetration of solvents in
PDMS and its relation to volume dilation were studied in a
model experiment, allowing a precise measurement of the
diffusion coefﬁcients of oils in PDMS. The two liquids that
we used, water and ﬂuorinert, do not cause swelling of
PDMS. In general, alcohols, polar solvents, and ﬂuorine-
based ﬂuids do not have a swelling effect on PDMS.
[49] In the work of Gervais et al. [2006], the effect of
liquids pressure on the deformation of shallow microﬂuidic
channels was examined. Such deformation can, in turn,
affect the laminar ﬂow proﬁle and pressure distribution
within the channels. They came up with a dimensionless
number for assessing the signiﬁcance of this deformation,
depending on the pressure drop along a channel, its width
and height, and the Young modulus of PDMS. Based on
this dimensionless number, we determined that the defor-
mation of PDMS in our experiments can be neglected.
Figure 5. Snapshot taken from a part of the ﬂow network
ﬁlled with two immiscible liquids. In dark color is the non-
wetting phase. The wetting phase is colorless. The contact
angles varied from 80 to 60.
Figure 6. A magniﬁed image of the network during
drainage. The curvatures of the interfaces show a strong
wettability of the medium to ﬂuorinert (seen in light color).
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4. Experimental Setup
4.1. Visualization Setup
[50] In most micromodel studies, conventional micros-
copy is employed for visualization of pore-scale processes.
But, this method would be inadequate for the visualization
of our elongated ﬂow network. The reasons are that with a
conventional microscope, only a square part of the ﬂow
network can be visualized at a high resolution, at any given
time. The rest of the model would be outside the ﬁeld of
view of the microscope. For this reason, we designed an
innovative optical setup which allowed us to visualize and
record images of the whole micromodel at any given time.
[51] A picture of the experimental setup is shown in
Figure 7. Major components of the optical setup were: (1)
a collimated LED light source mounted with an objective
lens F 3.2/105 mm, (2) a prism (Edmund Optics) with
dimensions of 50 mm  50 mm, (3) a SONY Sonnar F1.8/
135 mm magnifying lens, (4) a box containing three beam
splitters (Edmund Optics) with dimensions of 35 mm  35
mm, and (5) four 5-Megapixel Prosilica GC-2450 cameras.
The micromodel (A) was placed horizontally on a stage
between the light source and the prism. The input and out-
put holes of the micromodel were aligned with the holes of
an inﬂow reservoir (B) and an outﬂow reservoir (C),
respectively. The whole setup was placed on a vibration-
free optical table (Standa Opto-Mechanics). In Figure 8, a
schematic representation of the visualization setup is
shown.
[52] The working of the visualization setup was as fol-
lows. The collimated light passed through the micromodel,
Figure 7. The experimental setup for the visualization of the elongated micromodel: (1) LED light
source mounted with an objective lens. (2) Prism. (3) Magnifying lens. (4) Box with three beam splitters.
(5) High-resolution CMOS cameras. The micromodel is labeled A and the inﬂow/outﬂow reservoirs are
designated by B and C, respectively.
Figure 8. A schematic representation of the visualization setup.
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and it was bent by the prism to become parallel to the opti-
cal table. The beam splitters reproduced four identical
images in four perpendicular directions. In each direction,
there was a camera placed such that each camera received
a different part of the image. By adding the images of all
four cameras, the whole extent of the ﬂow network could
be visualized. The distance between the optical parts of the
setup, as well as their optical properties (like focal length,
numerical aperture of the lens, etc.) where carefully chosen,
so that the ﬁnal image that every camera would receive
could ﬁt exactly in the camera’s sensor. The part of the
micromodel recorded by each camera was about 57 mm2.
We conﬁrmed that this corresponds to an REV, by deter-
mining the porosity over domains of 5 mm in width but
increasingly larger length. We varied the averaging domain
length from 56 mm (equivalent to 20 pixels) to 14 mm (see
Figure 9). We see that for domains larger than 2.8 mm, the
porosity is around 50%, which was also the porosity meas-
ured for the whole ﬂow network. So, the REV size can be
considered to be in the range above 2.8 mm.
[53] A detailed explanation of the visualization setup can
be found in Karadimitriou et al. [2012]. In Figure 10,
images from the four cameras of a network with dimen-
sions of 5 mm  30 mm are shown.
4.2. Pressure Measurement and Control
[54] The inﬂow and outﬂow of ﬂuids were controlled
through the two external reservoirs B and C. At exactly the
same level as the level of the micromodel, two pressure
Figure 9. Porosity calculated for increasingly larger do-
main length. The width was kept equal to network width of
5 mm. Porosity reaches a constant value of 50% for domain
sizes larger than ca 2.8 mm.
Figure 10. The four images of the ﬂow network numbered according to their sequence in the micro-
model. In total, the pictures cover an area of 5 mm 30 mm, visualized at a resolution of 2.8 m/pixel.
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transducers (Kulite XTL-190M-0,7B-D) were installed,
one in each reservoir, to measure the ﬂuid pressures. These
transducers were connected to a differential pressure con-
troller (Bronkhorst). The differential pressure controller
had an RS-232 interface that was connected to a computer.
In this way, it was possible to set, measure, and control the
differential pressure between the two reservoirs at any
instant. The controller was calibrated in a way that the
maximum pressure difference would be 27 kPa with an
accuracy of 25 Pa. The pressure controller could adjust the
pressure in the nonwetting phase reservoir by increasing or
decreasing the through-ﬂow rate. The pressure in the wet-
ting phase reservoir was always atmospheric. By increasing
the pressure of the nonwetting phase reservoir, drainage
could be initiated. At the end of, or during, a drainage
event, imbibition could be brought about by reducing the
pressure of the nonwetting phase reservoir.
5. Quasi-Static Experiments
[55] The micromodels used in this set of experiments
had 3000 pore bodies, nearly 9000 pore throats, and
the mean pore size was 40 m. Their depth was equal to
40 m. The micromodel was initially saturated with the wet-
ting phase, which was Fluorinert FC-43. The nonwetting
phase was water dyed with ink. The pressure of the nonwet-
ting phase was increased, until it was just high enough for
the nonwetting phase to enter the ﬂow network. The spatial
conﬁguration of the ﬂuids in the micromodel was continu-
ously monitored and when there was no change (usually
after 20 min), we assumed that equilibrium was reached. By
stepwise increase of the nonwetting phase pressure with
50 Pa, subsequent stages of drainage were achieved. At ev-
ery equilibrium step, a snapshot of the ﬂuids conﬁguration in
the network was acquired. The drainage experiment was
over once the nonwetting phase reached the end of the
micromodel and entered the outﬂow reservoir (i.e., break-
through). Then, quasi-static imbibition experiment was
carried out by stepwise decrease of the nonwetting phase
pressure. All experiments were conducted in a constant-tem-
perature room at 216 1C.
6. Results
[56] The acquired images were analyzed with IDL soft-
ware package (IT&T Visual Information Solutions) to cal-
culate saturation and the speciﬁc interfacial area between
Fluorinert and dyed water at an imposed capillary pressure.
Results were used to plot capillary pressure-saturation
curves as well as capillary pressure-saturation-interfacial
area surfaces.
[57] In Figure 11, data points for capillary pressure and
saturation for a series of drainage-imbibition cycles are
shown. It is obvious that the capillary pressure-saturation
relationship is highly hysteretic. These results clearly show
that the knowledge of pressure and saturation is not enough
to fully specify the state of the system.
[58] The hysteretic behavior of the system can also be
seen in Figure 12, where two images from the same part of
the network. Left image is from imbibition and the right
one is from drainage. The phase saturation is nearly the
same in both images, but the capillary pressure is
Figure 11. Capillary pressure as a function of Fluorinert
saturation for primary drainage, main imbibition, and scan-
ning curves.
Figure 12. Images from a small part of the network at
(left) drainage and (right) imbibition. In both images, the
wetting phase saturation is 72%. In the left picture, the cap-
illary pressure is 4833 Pa, while in the right picture the
applied pressure is 2160 Pa.
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signiﬁcantly different. In the left picture, the capillary pres-
sure is 4833 Pa, while in the right picture the applied pres-
sure is 2160 Pa. But, also the interfacial areas of the two
images are signiﬁcantly different (2.8 107 m2 and
7.4107 m2, respectively).
[59] In quasi-two-dimensional micromodels, like the one
that we used in our experiments, there is very limited cor-
ner ﬂow of the wetting phase. The only parts of the network
where the wetting phase stays connected with the wetting
phase reservoirs are the corners along the upper and lower
side boundaries of the network. The wetting phase in all
other corners remains isolated due to the two-dimensional
nature of the micromodel. The ﬂow through these side
boundary corners was negligible because of their limited
volume, and the system exhibited a highly hysteretic
behavior. As soon as the pressure was low enough for the
nonwetting phase to free the upper and lower boundaries of
the network, then imbibition was very fast.
[60] As it was mentioned above, theoretical, numerical,
and experimental results have shown that it is crucially im-
portant to include interfacial area for a complete descrip-
tion of two-phase ﬂow in porous media [see e.g.,
Hassanizadeh and Gray, 1990, 1993b; Held and Celia,
2001; Cheng et al., 2004; Joekar-Niasar et al., 2010b;
Joekar-Niasar and Hassanizadeh, 2011, 2012].
[61] In Figure 13a, all equilibrium data of saturation,
capillary pressure, and speciﬁc interfacial area from imbibi-
tion and drainage experiments are plotted. In Figure 13b, a
surface ﬁtted to these date points is shown. The ﬁtted sur-
face can be described by the following function [after Joe-
kar-Niasar and Hassanizadeh, 2012]:
awn ¼   S  1 Sð Þ  Pc
[62] The choice of such a ﬁtting function was made so
that at a wetting phase saturation of zero, there will be zero
interfacial area. In Table 1, the values for the ﬁtting param-
eters, their conﬁdence levels, as well as R2 values are
given. These parameter values are obtained if speciﬁc inter-
facial area and capillary pressure are given in S.I. units.
[63] As it can be seen in the table, there was a very good
match for the ﬁtting of all data points by a single surface.
[64] We also ﬁtted individual surfaces to drainage and
imbibition data points separately. The maximum difference
between the two surfaces was found to be about 8%, while
on average, the mean difference was around 4%. The rea-
son for the difference between the two individual surfaces,
one for drainage and one for imbibition was the creation of
disconnected nonwetting phase after primary drainage. The
disconnection of the nonwetting phase created interfaces
that in future steps, a part of it would get reconnected, and
a part of it would remain disconnected.
[65] It can be seen in Figure 14, where snapshots of the
same part of the micromodel during primary drainage (left
image) and main imbibition (right image) are shown, that
the disconnection of the nonwetting phase created many
interfaces. A big part of the disconnected phase would get
reconnected, but not all of it. The wetting phase saturation
was almost the same in the two situations (83.4% and
84.0%, respectively). But, the values of capillary pressure
and interfacial area were signiﬁcantly different. For the left
image, the pressure was 4833 Pa and the interfacial area
was roughly 2.8107 m2. For the right side, the pressure
was 1080 Pa (thus lower) whereas the interfacial area was
around 2.1106 m2 (i.e., much higher).
7. Discussion
[66] The experimental results showed that the relation
between capillary pressure and saturation for drainage and
imbibition is hysteretic ; we have many possible equilib-
rium curves. However, the inclusion of interfacial area as a
new state variable can eliminate hysteresis. Instead of
many curves, we get one unique surface, which is the locus
of all drainage and imbibition data points. This also means
that we can estimate a unique value of interfacial area for
every capillary pressure-saturation pair. This surface is
unique for a given set of ﬂuids and solid phases and a given
percolation pattern. In fact, after repeating the experiment
many times, for the same pressure steps, the same
Figure 13. From left to right, the surfaces that were
formed by data points obtained during drainage and imbibi-
tion, both interpolated and ﬁtted, are presented.
Table 1. The Fitting Parameters for the Pc-Sw-Awn Surface
Parameter Value Confidence levels
 2538.59 2315.79–2759.65
 1.185 1.165–1.205
 0.004594 0.0059 to 0.0151
R2 0.992
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percolation patterns were obtained. When the pressure
steps were slightly increased, then the distribution of ﬂuids
in the network were different. But, we still obtained the
same Pc-S-a
wn surface. When the experiment was repeated
with different pairs of liquids (we used perﬂuorodecalin
and water), the pattern was different from the one with ﬂu-
orinert and water, but still reproducible under the same
conditions. Of course, we got a different Pc-S-a
wn surface
than for water and ﬂuorinert.
[67] Finally, we veriﬁed our initial claim that our ﬂow
domain comprised four REVs. We divided the ﬂow domain
into four subdomains and compared the capillary pressure-
saturation–speciﬁc interfacial area surfaces of subdomains
with each other as well as with the surface for the whole
domain. The results showed that the ﬁtted surfaces matched
well, with the highest mismatch being less than 4%.
8. Conclusions
[68] We have developed a relatively simple and highly
effective method for constructing PDMS micromodels.
Through a series of steps, which in total take less than a
week, we can construct a fully functional micromodel. The
most time-consuming part is the production of the master
wafer, which takes almost six days, including the prepara-
tion of the mask and shipping. After that, the micromodel
can be ready in 4–5 h. Up to now, PDMS micromodels
were not considered to be suitable for well-controlled two-
phase ﬂow experiments because of their mixed wettability,
and the fact that it changes with time. We have developed a
reliable procedure for making PDMS micromodels that are
uniformly and stably hydrophobic. This is a major
improvement in addressing wettability problems of PDMS
and makes it a very attractive alternative to other materials,
like photoresist, silicon, glass, or quartz. In comparison to
previous experimental work on the signiﬁcance of the
inclusion of interfacial area as a separate variable, we may
make the following observations. It is the ﬁrst time that an
elongated micromodel is being used. This offered the abil-
ity to study the concept of REV, and to verify its average
properties related to interfacial area experimentally. It was
observed and veriﬁed that corner ﬂow is not present in a
two-dimensional micromodel, except from the upper and
lower boundaries of the ﬂow network. This caused the cap-
illary pressure–saturation curve to be highly hysteretic. The
network conﬁguration allowed for the existence of residual
saturation for, wetting and nonwetting phases. Because we
did not have corner ﬂow, the lowest wetting phase satura-
tion we could reach was around 60%. Therefore, we could
not reach maximum values of the speciﬁc interfacial area.
So, in comparison to other two-dimensional micromodels,
the interfacial area that we measured was relatively
smaller.
[69] We have shown that the visualization setup, using
four cameras, can provide dynamic images of the distribu-
tion of two immiscible liquids over the whole length of the
micromodel. By performing quasi-static experiments, we
have shown the validity of the hypothesis that capillary
pressure-saturation-interfacial area data points form a
unique surface for all drainage and imbibition processes.
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